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The eigenstate decoherence hypothesis (EDH) asserts that each individual eigenstate of a large closed
system is locally classical-like. We test this hypothesis for a heavy particle interacting with a gas of light
particles. This system is paradigmatic for studies of the quantum-to-classical transition: The reduced state
of the heavy particle is widely believed to rapidly loose any nonclassical features due to the interaction
with the gas. Yet, we find numerical evidence that the EDH is violated: certain eigenstates of this model
are manifestly non-classical. Only the weak version of EDH referring to the majority (instead of the
totality) of eigenstates holds.
Introduction. Quantum mechanical state space is dramati-
cally different from the classical state space. For example,
a state of a point particle in classical mechanics is com-
pletely determined by its coordinate and momentum, and
thus the state space is the two-dimensional phase space. In
quantum mechanics the coordinate and momentum can not
be determined simultaneously. However, the superposition
principle of quantum theory legitimizes arbitrary superpo-
sitions of different coordinates (or momenta). As a result,
the state space becomes an infinite-dimensional projective
Hilbert space. Most of the points in the Hilbert space repre-
sent weird superpositions that do not make any sense from
the classical point of view. These weird states apparently
do not emerge in our everyday experience (and for this rea-
son do not enter the classical formalism). Explaining why
this happens is the key for understanding the quantum-to-
classical transition.
A conceptually straightforward explanation is provided
by the decoherence theory [1–6]. One observes that the
weird superposition states turn out to be extremely fragile
when the interaction between the system and its environ-
ment is taken into account. To demonstrate this fact one of-
ten considers a system S (e.g. a point particle) and its envi-
ronment (bath) B (e.g. the gas the particle is immersed in)
as a combined closed systems H, whose state Ψt evolves
according to the Schro¨dinger equation i∂tΨ(t) = HΨ(t),
H being the total Hamiltonian that describes the system,
the environment and their interaction (we adopt the con-
vention ~ = 1). The state of the (now open) system S is
described by the reduced density matrix
ρS(t) ≡ trB|Ψ(t)〉〈Ψ(t)|, (1)
where trB is the partial trace over the environmentB. It has
been verified in various physical settings that even when
ρS(0) is a projection on a highly non-classical state, ρS(t)
becomes a mixture of classical-like states on a certain de-
coherence time scale, the latter being extremely short for a
system S that can be regarded as macroscopic (e.g. for a
macroscopic point particle) [6].
Importantly, the focus of the above-described studies in
the framework of the decoherence theory has always been
on out-of-equilibrium initial states Ψ(0). In particular, of-
ten Ψ(0) of the product form has been considered, describ-
ing initially uncorrelated system and environment. A com-
plementary view can be provided by considering the eigen-
states of the combined systemH. They remain unchanged
under the Schro¨dinger equation (apart from the irrelevant
phase factor), and one naturally expects that they are lo-
cally classical-like from the outset. This is the essence of
the eigenstate decoherence hypothesis (EDH) put forward
by one of us some time ago [7]. More formally, the EDH
asserts that for any eigenstate ΦE of the total Hamiltonian
H the corresponding reduced density matrix
ρSE ≡ trB|ΦE〉〈ΦE| (2)
is classical-like according to a suitable quantumness
measure, or, simply put, free of any weird quantum
Schro¨dinger-cat-type superpositions.
The EDH is motivated by the eigenstate thermalization
hypothesis (ETH) [8–10]. The later asserts that ρSE is a
smooth function of E. This implies, by standard statis-
tical arguments, that ρSE is thermal, and that a long-time
average of any evolving state with subextensive energy un-
certainty is thermal [11]. Various case studies have sug-
gested that ρSE indeed has all attributes of an equilibrium
state for generic nonintegrable systems without disorder
[10, 12, 13]. On the other hand, it has been recently re-
alized that many nonintegrable systems possess quantum
many-body scars, i.e. abnormal states in the bulk of the
otherwise thermal spectrum that violate the ETH [14–16].
One reasonably expects that if a state is thermal, the
more so it should be classical-like [5]. Combining this
straightforward idea with the ETH, one immediately ar-
rives to the EDH [7]. Furthermore, one can expect that
the EDH should be valid for a larger class of systems than
the ETH, e.g. for interacting integrable systems [7] and
system with quantum many-body scars. This expectation
is rooted in the fact that integrability or presence of scars is
a global property sensitive e.g. to long range interactions,
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2and a system is not able to explore whether it is integrable,
scarred or fully ergodic on an extremely short decoherence
time scale.
The EDH has not been tested in specific models up to
now, with the exception of a central spin model [7]. Here
we fill this gap by testing the EDH for a paradigmatic case
of a heavy particle (subsystem S) interacting with a gas
of light particles (environment B). As established in the
early days of the decoherence theory [5, 17, 18] and elab-
orated later on [19–22], a non-equilibrium spatially non-
local state of a heavy particle rapidly turns into a mixture
of well-localized classical-like states due to collisions with
the particles of the gas. Yet, surprisingly, we find that there
exist non-classical eigenstates of the combined system H
with a coherence length on the order of the system size.
The rest of the paper is organised as follows. First we
introduce the model. Then we introduce a figure of merit
of the (non-)classicality – the coherence length, and discuss
how it can be used to test the EDH. Then we consider a
trivially integrable case of an infinitely heavy particle. We
demonstrate that in this case the EDH can be either valid or
dramatically violated, depending on the spatial symmetry
of the system. Next, we present the results of a numerical
studies of a nonitegrable system. They strongly indicate the
violation of the EDH. We conclude the paper by discussing
the implications of this finding.
Model. We study a closed quantum system consisting of
a distinguished particle (referred to simply as “the parti-
cle” in what follows) interacting with the Fermi gas, the
latter being regarded as an environment for the former.
For the sake of numerical calculations, we consider a one-
dimensional lattice variant of this system with N fermions
and a single particle, all hopping on a linear lattice with L
sites. The Hamiltonian reads
H =
(
−J
L−1∑
i=1
c†ici+1 − J ′
L−1∑
i=1
a†jaj+1 + h.c.
)
+
L∑
j=1
Ua†jajc
†
jcj + δH. (3)
Here c†i creates a fermion and a
†
i – the particle, J > 0 and
J ′ ≥ 0 are hopping constants for fermions and the particle,
respectively, U > 0 is the coupling constant between a
fermion and the particle. The term
δH = 
L∑
j=1
(j/L)c†jcj (4)
describes the linear on-site potential felt by fermions. It is
introduced to break the otherwise present reflection sym-
metry of the Hamiltonian, for a purpose to be discussed
later. When considering large system size, we will imply
the thermodynamic limit with the fixed fermionic density
n ≡ N/L.
In order to separate time scales of decoherence and ther-
malization, we assume that the distinguished particle is
heavy as compared to the fermions [21, 23], which amounts
to J  J ′.
In the limiting case of the infinitely heavy particle, J ′ =
0, the model becomes trivially integrable, with the eigen-
states of the form
ΦE = |j〉 ⊗ |F jE〉, (5)
where |j〉 is the state of the particle localized on the site
j and |F jE〉 is an eigenstate of the j-dependent quadratic
fermionic Hamiltonian
Hj =
(
−J
L−1∑
i=1
c†ici+1 + h.c.
)
+ Uc†jcj + δH. (6)
Note that if δH = 0, the spectrum acquires degeneracies
due to the reflection symmetry of the Hamiltonian.
Coherence length and EDH. In order to formulate the EDH
for a specific subsystem S , one needs to define a suitable
measure of its quantumness. To this end we employ a nat-
ural measure of quantumness of the state ρS of a point par-
ticle – its coherence length [24, 25],
l(ρS) ≡
√√√√2∑Li,j=1 ∣∣〈i|ρS |j〉∣∣2(j − i)2∑L
i,j=1
∣∣〈i|ρS |j〉∣∣2 . (7)
Here ρS = trB|Ψ〉〈Ψ| is a reduced density matrix of the
particle obtained from a pure state Ψ of the closed particle-
gas system and 〈i|ρS |j〉 = 〈Ψ|a†jai|Ψ〉 is its matrix ele-
ments in the position basis.1 The coherence length effec-
tively measures the spatial extension of a superposition of
localized states, ranging from 0 for a particle localized on
a single site to (L − 1) for a highly non-classical state of
the form
ΨQ = (1/
√
2)(a†1 + a
†
L)|F 〉, (8)
where |F 〉 is some state of N fermions.
To simplify the terminology and notations, we will at-
tribute coherence length also to pure many-body states, im-
plying l(Ψ) ≡ l (trB|Ψ〉〈Ψ|).
Importantly, while l for nonclassical states can be on the
order of the size of the systemL, as in eq. (8), for classical-
like states l is independent on the system size. In partic-
ular, for the model (3) we expect that l for classical-like
states is bounded from above by the average interparticle
distance L/N times the probability for the scattering of a
fermion off the particle. This expectation is grounded in
understanding that each scattering event effectively entan-
gles the heavy particle with the fermionic environment and
thus causes decoherence. Note that this physical picture
implies a non-equilibrium process and may not apply to
1 Note that our definition (7) is different from that in [24] by a factor
√
2.
3equilibrium states. We emphasize that the hallmark of the
EDH would be not some specific value of the coherence
length of eigenstates accepted as classical (this is a matter
of convention), but independence of the coherence length
on the system size in the thermodynamic limit. The latter
property is in the focus of the present study.
Analogously to the ETH [11], one can discriminate be-
tween strong and weak forms of the EDH. The former con-
cept implies that the EDH is valid for all eigenstates. In
order to confirm the strong the EDH in our model, one
needs to verify that the maximum over all eigenstates of
the coherence length, lmax, stays bounded when the system
size grows. The weak EDH stands for a somewhat more
vague conjecture that a vast majority of eigenstates satisfy
the EDH. We will regard the weak EDH satisfied when-
ever the coherence length lav averaged over all eigenstates
remains bounded with the system size increasing.
EDH: integrable case. In the integrable case, J ′ = 0, each
eigenstate (5) has zero coherence length and EDH is per-
fectly valid. However, in the case δH = 0 the symmetry
of the Hamiltonian leads to a caveat: all eigenstates of the
form (5) are doubly degenerate, and one can construct new
eigenstates with a large coherence length. Consider e.g an
eigenstate
Φ˜E =
1√
2
(|1〉 ⊗ |F 1E〉+ |L〉 ⊗ |FLE 〉) , (9)
where |F 1E〉 and |FLE 〉 are eigenstates of fermionic Hamil-
tonians H1 and HL, respectively. Its coherence length
reads
l(Φ˜E) = (L− 1)
∣∣〈F 1E|FLE 〉∣∣2/√1 + ∣∣〈F 1E|FLE 〉∣∣2. (10)
The overlap
∣∣〈F 1E|FLE 〉∣∣2 entering this formula vanishes ex-
ponentially in the system size in the thermodynamic limit
for most of the energy levels. For this reason the weak EDH
is still satisfied. However, for some energy levels, in par-
ticular, for those corresponding to ground states of H1 and
HL, the overlap vanishes as slow as 1/Lα, which is a man-
ifestation of the Anderson orthogonality catastrophe [26].
Importantly, the exponent α does not exceed unity [27]. As
a consequence,
l(Φ˜E) ∼ L1−α, α < 1 (11)
diverges in the thermodynamic limit. Thus we come to
the conclusion that for an integrable Hamiltonian with a
degenerate spectrum some eigenstates have the coherence
length on the order of the size of the system and thus vi-
olate the strong EDH spectacularly.2 This conclusion is
2 There is a very different type of anomalous, highly excited eigenstates that
violate the strong EDH. Namely, one can construct a many-body eigenstate
of the free Fermion gas with zero densities at two distinct sites; the tensor
product of this state and a superposition of the particle over these two sites
is then an eigenstate of the entire Hamiltonian (3) with J ′ = 0 and δH =
0. These states are specific for point interaction on a lattice and do not
emerge for finite-range interactions, in continuum models or for finite mass
of the particle, therefore we do not consider them in detail.
particularly stunning in light of the fact that the integrable
model under considerations is often employed in textbook
demonstrations of the collisional decoherence [6]. How-
ever, in these demonstrations the decoherence process is
viewed as a far-from-equilibrium dynamics described by a
sequence of pairwise collisions of gas particles with the im-
purity particle. It is not very surprising that this approach
may be inapplicable to equilibrium states in the bottom of
the spectrum.
If one breaks the reflection symmetry of the Hamilto-
nian (3) by a nonzero δH , the degeneracy of the spectrum
goes away, the construction (9) becomes impossible and no
eigenstates with a nonzero coherence length emerge. The
strong EDH is satisfied in this case.
Curiously, the Hamiltonian (3) with δH = 0 has another
integrable point, J = J ′ [28, 29]. This case is superfi-
cial for studying the quantum-to-classical transition, since
there is no separation of time scales of decoherence and
thermalization, and there is no reason to expect the par-
ticle to be “more classical” than its environment. How-
ever, from the technical point of view, it would be instruc-
tive to check whether the coherence lengthes of some of
eigenstates diverge for this another integrable point of the
model. However, the explicit calculations in this model
constitute a formidable challenge. Up to now, the only
available analytical result is the particle’s density matrix for
the ground state in a translation-invariant system at a fixed
total momentum, that implies a finite coherence length for
this state [30].
EDH: nonintegrable case. To test the EDH in the non-
integrable case we numerically diagonalize the Hamilto-
nian (3) for finite system sizes and calculate the coherence
length l(ΦE) for each eigenstate ΦE . The range of sys-
tem sizes is L = 8, 9, . . . 12. To keep the fermion density
N/L as independent on the system size as possible, we
choose to half-fill the chain with fermions. Namely, we
take N = L/2 for even L and N = (L− 1)/2 for odd L.
We consider both unbiased (ε = 0) and biased (ε = 0.1)
versions of the Hamiltonian (3). Note that in the former
case, despite the symmetry, the spectrum is nondegenerate.
The coherence lengthes of all eigenstates are presented
in Fig. 1. Most of the states have coherence length on
the order of the average interparticle distance, L/N ' 2,
in accordance with expectation discussed above. In par-
ticular, the coherence length averaged over all states reads
lav = 2.63. However, one can clearly see that there exists
a number of ”outlier” eigenstates with a large coherence
length well exceeding this value. Such outliers are mostly
concentrated at the edges of the spectrum, however they
also can be found in the middle of the spectrum.
As discussed above, a decisive signature of violation of
the EDH is the growth of the coherence length with the
system size. In Fig. 2 we show the finite-size scaling of
the average and maximal (over all eigenstates) coherence
lengths. The scaling of these two quantities is drastically
4FIG. 1. The coherence length for eigenstates of the nonintegrable
Hamiltonian (3) with J = 1, J ′ = 0.2, U = 1, N = 6, L =
12, δH = 0. The ground state, the state with the maximal coher-
ence length and a state in the middle of the spectrum with a large
coherence length are marked with the red cross, black triangle
and blue circle, respectively. The correlation function for these
three states is shown in Fig. 3.
FIG. 2. The maximal lmax and average lav coherence lengths for
eigenstates of the nonintegrable Hamiltonian for the cases of the
presence (  = 0) and absence ( = 0.1) of the spatial reflection
symmetry. The system is half-filled with fermions, with N =
L/2 for even L and N = (L− 1)/2 for odd L. Other parameters
of the Hamiltonian are the same as in Fig. 1.
different: while the former vanishes with the system size,
the latter grows linearly with L. Thus we conclude that
our numerical data support the weak EDH, but suggest the
violation of the strong EDH.
We have performed numerical calculations with various
fermion densities (where we can access slightly larger sys-
tem sizes, up to L = 12), coupling strengths, as well as
next-to-nearest neighbour interactions, and obtained simi-
lar results. Note that, in contrast to the integrable case, the
potential bias δH does not quantitatively alter the result, as
is clear from Fig. 2
To highlight the difference of outliers from typical eigen-
states, we plot in Fig. 3 an absolute value of a correlation
function 〈ΦE|a†ja1|ΦE〉 (as a function of the position j)
for several outliers and compare it to the same quantity av-
eraged over all eigenstates. One can see that while the av-
FIG. 3. Absolute value
∣∣〈ΦE |a†ja1|ΦE〉∣∣ of a correlation function
of a particle for three outlier eigenstates (highlighted in Fig. 1),
compared to the same quantity averaged over all eigenstates.
While the latter quantity rapidly decays at the length scale equal
to the average distance between the fermions, the correlations for
the outliers extend over the entire system. The parameters of the
Hamiltonian are the same as in Fig. 1.
eraged correlation function demonstrates a rapid decay at
the length scale L/N , the correlation function of outliers
extends over the entire system, even up to the opposite end
of the chain.
Summary and discussion. To summarise, we have tested
the eigenstate decoherence hypothesis (EDH) for a sys-
tem consisting of a heavy particle immersed in a one-
dimensional Fermi gas. We have addressed the integrable
case of an infinitely heavy particle as well as the noninte-
grable case of a particle of a finite mass. In the integrable
case the EDH (both strong and weak versions) can be vi-
olated when the spatial symmetries of the model impose a
massive degeneracy of the spectrum. On the other hand, if
this degeneracy is lifted by a symmetry-breaking potential
(integrability being preserved), the strong EDH is valid.
The most surprising results have been obtained numeri-
cally for a nonintegrable case. Our numerical data suggest
that while the weak EDH holds, the strong EDH is violated
by rare nonclassical outlier eigenstates with a particle co-
herence length on the order of the system size.
The existence of such outlier eigenstates is in stark con-
trast with the intuition based on the theory of collisional de-
coherence [5, 17–21], which predicts a rapid decoherence
as soon as the particle experience a collision with the gas
particles. A plausible resolution of this conundrum is that
most initial states (in particular, product states of a particle
and a gas often considered in this theory) have a vanishing
overlap with outliers, and thus the latter typically have no
effect on the decoherence. A careful crafting of the state of
a many-body system (e.g. in a cold atom simulator [31]) is
required to unveil the nonclassical eigenstates.
Finally, we remark that the outlier nonclassical eigen-
states violating the EDH resemble the many-body scars vi-
olating the ETH. One may wonder if the scars, in fact, exist
in the model (3). At J = J ′ and δH = 0 the Hamilto-
5nian (3) is a Hubbard Hamiltonian, where scars do exist
[32–34]. However, to the best of our knowledge, no scars
have been reported away from this point. Furthermore, typ-
ically the scars are not robust with respect to perturbations
of the Hamiltonian [35], while the violation of the EDH is.
We therefore conclude that, anyway, the violation of EDH
is not conditioned on the existence of quantum many-body
scars.
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